Radiographic imaging of the pregnant patient represents a diagnostic and management dilemma for the orthopaedic surgeon. Imaging is often necessary in the setting of trauma; however, in utero radiation exposure can result in deleterious developmental effects in the embryo and fetus. The likelihood of a negative effect is proportional to the radiation dose and the gestational age of the embryo or fetus at the time of exposure. Ionizing radiation doses .100 mGy in the first trimester of pregnancy may lead to spontaneous abortion, malformation, and mental retardation. Whereas plain radiographs of the extremities and cervical spine expose the fetus to minimal doses of radiation of ,10 mGy, other commonly performed orthopaedic diagnostic studies, such as CT of the pelvis, emit significantly higher exposure doses of approximately 35 mGy. Non-emitting modalities, such as ultrasonography and MRI, are alternatives for evaluation in the clinical setting.
T raumatic injuries during pregnancy are common in the United States, with an incidence of between 5% and 8%. 1 These injuries represent the leading nonobstetric cause of maternal death. Motor vehicle collisions are the most common cause of traumatic maternal injury (33.6%) and fetal death (82%). 2 Almost one quarter of pregnant women with major injuries die. Spinal injuries and pelvic fractures are most likely to be associated with death, but falls and penetrating injuries are also common mechanisms of maternal and fetal injury. 3 In emergency and elective settings, orthopaedic surgeons are often involved in the care of pregnant patients with musculoskeletal injuries. Radiographic modalities, including plain radiographs and CT, and other studies (eg, fluoroscopy) that expose the mother and fetus to ionizing radiation are essential tools in the evaluation and management of musculoskeletal injuries. It is well known that high levels of in utero radiation exposure can result in deleterious developmental effects in the embryo and fetus. 4 The likelihood of a harmful effect is proportional to the radiation dose and the gestational age of the embryo or fetus at the time of exposure. 5 Ionizing radiation doses .100 mGy (10 rad) in the first trimester of pregnancy can lead to spontaneous abortion, fetal anomalies, and developmental delay. 6 Pregnant women often question the effects of radiation exposure to the fetus and may perceive diagnostic testing as deleterious with high risks; this situation can also be complicated by similar misapprehensions from the treating physician. 7 As such, radiologic imaging of the pregnant patient represents a diagnostic and management dilemma.
Radiation and Dose Units
Radiation is defined as energy that is emitted from a source and travels through space or a material. 4 Radiation is divided into nonionizing and ionizing radiation. Nonionizing radiation carries enough energy to make atoms vibrate, but it does not disrupt the electrons surrounding the atoms. Examples of nonionizing radiation include ultrasonography, microwave, and MRI. In contrast, ionizing radiation carries more energy and is able to remove electrons from atoms to create ions. Examples of ionizing radiation include radiography and CT. 4 The International System of Units provides several units by which to measure radiation. Absorbed dose is the radiation energy accumulated by tissues. Because different tissues have variable densities, an equivalent amount of radiation will give an absorbed dose relative to the density of the tissue. 4 The units for radiation absorption in medical diagnostics are the radiation absorbed dose (ie, rad) and the gray (ie, Gy) where 1 rad is equal to 10 mGy. Equivalent dose is the amount of radiation a body receives without taking into account the variation in densities of different tissues. The common units for defining equivalent dose are the roentgen equivalent in man (ie, rem) and the sievert (ie, Sv). Because the equivalent dose does not take into account differences in tissue densities, the conversion from Gy to Sv is made using a radiation weighting factor (W R ). Although not entirely accurate, one rem and one rad are used interchangeably. Furthermore, one Gy and one Sv are also used in an equivalent fashion. 4 These units and conversions are detailed in Table 1 .
At baseline, all persons experience background radiation from natural sources. The average yearly background radiation dose is around 3 mSv (3 rad, 30 mGy). 8 For the fetus, the average dose from naturally occurring background radiation over the course of a normal gestation is 0.5 to 1.0 mSv (0.5 to 1 rad, 5 to 10 mGy). The amount of radiation received by the fetus is less than the annual dose to the mother because the maternal tissues surrounding the fetus mitigate the dose of radiation.
Biologic Effects of In Utero Radiation
Ionizing radiation can have both teratogenic and carcinogenic risks. 6 
Teratogenic Risks
A teratogen is an agent that can disrupt the development of the fetus, causing birth abnormalities and/or death. Ionizing radiation is a teratogen, and its effects are believed to be cumulative. 9 In the first and second week after conception, doses in the range of 150 to 200 mGy (15 to 20 rad) may lead to failure of uterine implantation and subsequent spontaneous abortion. 6 Embryos that survive, however, rarely demonstrate congenital abnormalities because damaged cells can be replaced in this "all-or-none period." 6 In the third and fourth weeks of pregnancy, the fetus is at risk for spontaneous abortion when exposed to .100 mGy (10 rad) of radiation. 10 Between the 5th and 10th weeks, exposure to .100 mGy (10 rad) can lead to growth retardation, central nervous system defects, such as microcephaly, and mental retardation. During this time, the potential effects of exposure to doses ,100 mGy (10 rad) are scientifically uncertain and probably too subtle to be clinically detectable. 10 Between the 10th and 17th weeks, the risk of a lower intelligence quotient or mental retardation is even higher at doses .100 mGy (10 rad), with frequency and severity increasing with larger doses. After the 17th week, the effects of radiation on the intelligence quotient are not detectable at diagnostic doses 5, 6, 10 (Table 2 ).
The risk of major malformations is negligible in fetuses exposed to ,50 mGy (5 rad), and pregnancy outcomes are similar between fetuses exposed to ,50 mGy (5 rad) and those exposed to background radiation. 5 It is important to note that baseline risks of pregnancy include spontaneous abortion (15%), premature birth (4%), major malformations (3%), and mental retardation (1%). 5 
Carcinogenic Risks
The carcinogenic effects of ionizing radiation in pregnancy are less well defined. It is believed that carcinogenic risks decrease with decreasing radiation doses. 5, 10 Some studies have linked in utero radiation and an increased risk of neonatal or childhood cancers. 5 According to the International Commission on Radiological Protection, the estimate of risk Table 1 Ionizing Radiation Measurements, Units, and Conversions 4 
Dose
Common Unit
SI Unit Conversion
Absorbed Radiation absorbed dose (rad) Gray (Gy) 1 rad = 10 mGy Equivalent Roentgen equivalent in man (rem) Sievert (Sv) 1 rem = 0.1 Sv is about 1 cancer per 500 fetuses exposed to 30 mGy (3 rad) of radiation, which is slightly less than the radiation dose from a CT scan of the abdomen and pelvis. 5, 11 Radiation Doses
The exposure of the fetus to ionizing radiation in the course of diagnostic imaging depends on many factors, including imaging protocol, imaging equipment, dose given, the mother's body habitus, and the distance between the fetus and the area that is being imaged. 12 Direct exposure occurs when the fetus is in the field being imaged, whereas indirect exposure occurs secondary to scattered radiation from maternal tissues. 7 Although lead shielding can minimize direct exposure, internal scatter allows some radiation to reach the fetus. Although most radiographic examinations result in ,50 mGy (5 rad) of radiation to the fetus, the exact fetal dose for specific examinations is variable 7 ( Table 3) . Radiographs of the upper or lower extremity result in a fetal dose of ,0.01 mGy (0.001 rad). Radiographs of the pelvis, hips, lumbar spine, and abdomen result in an increased fetal dose, but the levels are well below the accepted threshold of 50 mGy (5 rad). In contrast, CT of the pelvis and lumbar spine result in a higher dose of fetal radiation.
Although the fetal radiation dose from radiography and CT can fluctuate slightly based on imaging protocol and equipment, the fetal radiation dose from fluoroscopy can be highly variable based on the time of image exposure and the specific procedure. In an assessment of radiation dose during fixation of a hip fracture, Damilakis et al 14 found that typical doses were ,1 mGy (0.1 rad) during all trimesters. In a similar study, Theocharopoulos et al 15 found that fetal doses during fluoroscopically assisted spine surgery were ,4 mGy (0.4 rad) during all gestational ages, provided that the fetus lies outside the primary irradiated area. However, as the gestational age increases, the distance of the fetus from the field edge decreases, with a resultant increase in the fetal dose. Therefore, the authors cautioned that variation in fluoroscopy practices and gestational age can significantly affect fetal doses. Finally, in a retrospective case series of eight patients, Porter et al 16 demonstrated that acetabular fracture fixation may be performed safely and effectively in pregnant women with minimal fluoroscopy-related radiation exposure to the fetus.
Practical Imaging Considerations
The American College of Obstetricians and Gynecologists has provided committee opinions with regard to diagnostic imaging in pregnancy. 17 Women should be counseled that radiation exposure from a single diagnostic procedure does not result in harmful fetal effects. Specifically, exposure to ,50 mGy (5 rad) has not been associated with an increase in fetal anomalies or pregnancy loss. Concern about possible effects of high-dose ionizing radiation exposure should not prevent indicated diagnostic radiographic procedures from being performed on a pregnant woman. During pregnancy, other imaging procedures not associated with ionizing radiation should be considered when appropriate. Ultrasonography and MRI are not associated with known fetal effects. Consultation with a qualified medical physicist may be helpful in calculating the estimated fetal dose when multiple diagnostic radiographic views are needed in a pregnant patient. The use of radioactive isotopes of iodine is contraindicated for therapeutic use during pregnancy. Finally, radiopaque and paramagnetic contrast agents are unlikely to cause harm and may be of diagnostic benefit; however, these agents should be used during pregnancy only if the potential benefit justifies the potential risk to the fetus. 17 Similarly, the American College of Radiology (ACR) has addressed the imaging of pregnant patients. 10 The ACR guidelines state that some diagnostic examinations expose the uterus to such a low degree of exposure that pregnancy should not alter the decision to perform the examination. Of specific interest to the orthopaedic surgeon, these diagnostic examinations include (1) radiographs of the chest in the first and second trimesters; (2) radiographs or CT of the extremities, with the possible exception of the hip; and (3) any diagnostic examination of the head or neck. The guidelines recommend that the radiographic beam be properly collimated, the patient should be positioned to avoid direct irradiation of the pelvis, and the pelvis should be shielded. 10 Specific guidelines for use of CT and MRI during pregnancy are summarized in Table 4 .
Alternative Imaging
Ultrasonography and MRI are the currently available nonionizing radiation imaging modalities for use in the pregnant patient. 2 These modalities have the benefit of providing imaging information with no risk of radiation exposure to the fetus. Ultrasonography has been used for the diagnosis of a variety of musculoskeletal disorders, including tendinosis, nerve compression, and evaluation of masses or foreign bodies. [18] [19] [20] No incidences of adverse fetal effects from the use of diagnostic ultrasonography have been documented. The Food and Drug Administration recommends a maximum of 720 mW/cm 2 for the spatial-peak temporal-average intensity of the beam for obstetric ultrasonography. 9 In the trauma patient, ultrasonography has been shown to be effective in the diagnosis of intra-abdominal free fluid, which can be an indicator of solid-organ trauma. 2 In orthopaedics, ultrasonography has been well accepted as a means of evaluating soft-tissue injury or conditions. Ultrasonography is also effective in the diagnosis of fractures in a variety of locations, including the metacarpals, pediatric long bones, and the scaphoid. [21] [22] [23] [24] [25] [26] Compression ultrasonography is recommended as the initial imaging study for the diagnosis of pulmonary embolism in pregnant patients. Among the benefits are that it does not require ionizing radiation, and it is effective in diagnosing proximal deep vein thrombosis (DVT). 9 If the study results in positive findings, appropriate treatment can be initiated. Ultrasonography has a low sensitivity for diagnosing iliac vein DVT, which is more common in pregnant patients. Therefore, further evaluation remains necessary in a pregnant patient with a suspected DVT or pulmonary embolism and negative ultrasonographic results. 9 Theoretical concerns on the use of MRI exist regarding heating effects of radiofrequency pulses and acoustic noise, but there has been no evidence of harmful effects on the fetus from MRI. 9 The use of MRI has been evaluated at field strengths of #1.5 T, but there is limited experience with higher field strengths. For this reason, field strengths $2.5 T should be avoided at the present time. 9 Based on the ACR guidelines, Table 4 Summary of CT and MRI Guidelines During Pregnancy 13 
Topic
Key Points
Risk of teratogenesis after diagnostic CT
Not a major concern after diagnostic pelvic CT studies Risk of carcinogenesis after diagnostic CT Key concern after diagnostic pelvic CT studies; should be avoided unless absolutely necessary Pregnancy termination after diagnostic irradiation
Exceptionally unlikely that any single diagnostic study would deliver a radiation dose sufficient to justify pregnancy termination CT contrast media Use of iodinated contrast media appears to be safe in pregnancy MRI Most studies show no ill effects, but is good practice to avoid for elective studies and in first trimester (questionable risk of teratogenesis and acoustic damage) MRI contrast media IV gadolinium is contraindicated and should only be used if absolutely essential Imaging of trauma Ultrasonography may be sufficient for initial imaging, but CT should be performed if serious injury is suspected
IV = intravenous Considerations in the Radiologic Evaluation of the Pregnant Orthopaedic Patient
MRI can be used in pregnant patients regardless of gestational age if, "in the determination of a level MR personnel-designated attending radiologist, the risk-benefit ratio to the patient warrants that the study be performed." 27 The guidelines recommend the radiologist consult with the referring physician, and discuss and document that (1) the information cannot be obtained by any other nonionizing imaging modality, such as ultrasonography; (2) the information is necessary to potentially alter care of the patient or fetus during the pregnancy; and (3) the referring physician feels it is not reasonable to wait until after the pregnancy to obtain this information. 27 Gadolinium-based contrast agents cross the placenta. Although there have been no reported adverse effects in fetuses, animal studies have shown potential toxic fetal effects at doses higher than those routinely used in humans. 2 The ACR recommends against the routine use of contrast agents in pregnant patients unless the risk-benefit ratio for that particular patient dictates that the use of gadolinium would provide "overwhelming potential benefit to the patient and fetus outweighing the theoretical but potentially real risks of long-term exposure of the developing fetus to free gadolinium ions." 27 
Recommendations for the Treatment of the Pregnant Orthopaedic Patient
According to the ACR, all women of reproductive age should be screened for the possibility of pregnancy at the time of radiologic examination. 10, 28 If needed, a pregnancy test can be obtained.
Elective Evaluation
Radiography and CT may be safely used with negligible risk provided the absorbed fetal dose is ,5 mGy (0.5 rad). This includes radiographs and CT scans that do not involve the abdomen. 12 The fetal dose from a radiograph of an extremity has been estimated at ,0.001 mGy (0.0001 rad). 29 In most instances, the benefit of a radiographic examination far outweighs the risk to the fetus. As always, patients should be counseled regarding the risks and benefits. If imaging that uses radiation is unlikely to alter the immediate management of the patient, it remains prudent to delay this type of imaging until after delivery. 12 If radiographs are obtained, appropriate measures should be taken to limit fetal radiation exposure. These measures include shielding the abdomen and pelvis with a lead apron, limiting the field size, reducing the exposure times, and reducing the absolute dose. 4 Ultrasonography can be safely used for diagnosis of musculoskeletal conditions at all time points during pregnancy and is recommended as a first-line diagnostic study for conditions in which it is appropriate. 28 If ultrasonography results are inconclusive, MRI can be used provided the defined criteria are met and the field strength is #1.5 T. 28 Gadolinium should not be administered unless it is overwhelmingly necessary for diagnosis or treatment decisions.
Trauma Evaluation
In the hemodynamically stable trauma patient, ultrasonography should be used as the initial imaging modality to assess for intraperitoneal fluid. Fluid can be indicative of splenic or liver injury, which can occur in up to 25% of pregnant patients who have sustained significant blunt abdominal trauma. 4 If the ultrasonographic results demonstrate intraperitoneal hematoma, and if it is felt to be necessary by the trauma team, contrast-enhanced CT is appropriate to assess for solidorgan injury because the radiation levels for this type of study remain well below the accepted thresholds. 4 However, caution must be exercised in trauma patients who are likely to require multiple imaging studies that use ionizing radiation; further studies could result in exceeding the recommended radiation threshold.
In the evaluation of orthopaedic trauma, radiation exposures from radiographs of the extremities or pelvis remain well below the accepted threshold of 50 mGy (5 rads). 2, 7 The estimated radiation doses from common radiographic studies are given in Table 3 . In the setting of acute trauma, the American College of Obstetricians and Gynecologists suggests that (1) ultrasonography and MRI should be considered when appropriate; (2) lead shields should be used to decrease fetal exposure if possible; (3) consultation with dosimetrists should be considered, particularly if multiple studies will be necessary; and (4) a radiation badge may be used to monitor a patient's cumulative radiation dose during a hospital stay. 2 The Eastern Association for the Surgery of Trauma noted that "concern about possible effects of high-dose ionizing radiation exposure should not prevent medically indicated maternal diagnostic x-ray procedures from being performed." 2 The radiation exposure associated with CT is low provided the fetus is outside the field of view. Therefore, if needed, CT of the head, cervical spine, or extremities (not including the hips or pelvis) may be performed at any time during pregnancy provided the risk-benefit ratio suggests that this modality is necessary. 5, 6, 9 Shielding should be used any time the abdomen or pelvis is not being imaged. 10 Some institutions are using internal shielding with barium sulfate to decrease the dose of fetal radiation. 28 If CT is necessary, techniques that decrease fetal radiation exposure should be used; these techniques include decreasing the voltage and current, increasing the pitch, widening the beam collimation, and/or limiting the scanned areas. 5, 6 Finally, as mentioned earlier, the use of fluoroscopy in the management of hip and acetabular fractures is generally safe and effective with acceptable fetal radiation doses. 13, 14 Summary Traumatic injuries, including injury to the musculoskeletal system, are a significant source of morbidity in pregnant patients. In utero exposure to ionizing radiation can result in detrimental consequences to the fetus. These effects are related to the dose and the gestational age of the fetus or embryo at the time of exposure. The use of radiographs and CT are the main potential sources of ionizing radiation in the evaluation and management of orthopaedic injuries. Although great care must be taken to protect the fetus from exposure, most diagnostic studies are generally safe. With the exception of pelvic CT, radiographic evaluation of the neck and extremities exposes the fetus to ionizing radiation doses that are well below thresholds considered risky. When cumulative dosing is a concern in patients who need repeated diagnostic evaluation, consultation with a qualified medical physicist is necessary. Imaging modalities, such as ultrasonography and MRI, are generally considered safe alternatives to radiography in pregnant patients.
